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DAMAGE ASSESSMENT OF 3D REINFORCED CONCRETE FRAME UNDER 
EXTERNAL EXPLOSION LOADING 
 
Ruwan Jayasooriya*, David Thambiratnam**, Nimal Perera***, Vladis Kosse**** 
 
 
ABSTRACT: Multi-storey buildings are highly vulnerable to terrorist bombing attacks in various parts of the world. 
Large numbers of casualties and extensive property damage result not only from blast overpressure, but also from 
the failing of structural components. Understanding the blast response and damage consequences of reinforced 
concrete (RC) building frames is therefore important when assessing multi-storey buildings designed to resist 
normal gravity loads. However, limited research has been conducted to identify the blast response and damage of 
RC frames in order to assess the vulnerability of entire buildings.   
This paper discusses the blast response and evaluation of damage of three-dimension (3D) RC rigid frame under 
potential blast loads scenarios. The explicit finite element modelling and analysis under time history blast pressure 
loads were carried out by LS DYNA code. Complete 3D RC frame was developed with relevant reinforcement 
details and material models with strain rate effect. Idealised triangular blast pressures calculated from standard 
manuals are applied on the front face of the model in the present investigation. 
The analysis results show the blast response, as displacements and material yielding of the structural elements in the 
RC frame. The level of damage is evaluated and classified according to the selected load case scenarios. Residual 
load carrying capacities are evaluated and level of damage was presented by the defined damage indices. This 
information is necessary to determine the vulnerability of existing multi-storey buildings with RC frames and to 
identify the level of damage under typical external explosion environments. It also provides basic guidance to the 
design of new buildings to resist blast loads. 
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INTRODUCTION 
 
Bomb attacks against multi-storey buildings 
consisting of reinforced concrete frames have become 
common manmade hazards in the present world 
(Osteraas, 2006). Safety precautions have to be 
implemented to minimise damage and the loss of 
lives at the event of an explosion. Structural 
capability to withstand the potential blast load 
conditions is vital, and therefore structural engineers 
must provide safety measures in the design and 
maintenance of vulnerable buildings. With that 
purpose, research and studies have been carried out to 
identify the safety measures that can be employed in 
building structures at the design stage or later with 
retrofitting methods (Shi et al, 2008; Xu et al, 2009). 
Previous studies have pointed out the necessity of the 
analysis of damage to public buildings under 
explosion loads, which are not designed to resist 
abnormal loads (Jayasooriya et al, 2009).  
Understanding of the response and damage is 
important to provide guidance in post disaster 
evacuations and post blast rehabilitations.  
Previous studies were further continued to identify 
the required parameters and relationships needed in 
assessing RC framed structures.
 (Weerheijm et al, 2008) 
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This paper presents the blast response and damage 
evaluation of complete three-dimensional RC frame 
designed only for normal gravity loads. This is the 
extended investigation of two-dimensional frame to 
three-dimensional frame (Jayasooriya et al, 2009). 
Many studies have been conducted for individual 
elements or two dimensional frames to identify their 
response under blast circumstances ( Bao et al, 2009; 
Shi et al, 2008). But complete investigation for 3D 
frames is vital to examine the closed behaviour of 
single element or entire structure. 
 This study examines the complete 3D frames 
behaviour under typical blast loads scenarios created 
with a car or small truck bomb carrying different 
explosive weights. Displacements time histories at 
selected points of the frame over the variation of 
charge weights are presented and discussed.  Damage 
indices defined for evaluating the damage level of 
column are presented for easy understanding of the 
behaviour of a RC frame. 
 
BLAST LOADS CHARACTERISTICS 
 
A detonation is the release of energy of an explosive   
to the atmosphere in a large scale within a very short 
period of time. Surrounding air attached to the blast 
will increase the temperature and rapidly causes an 
expansion. As a result, a low pressure region will 
develop and create an air shock wave that travels far 
away at a high velocity. The blast shock contains an 
initial overpressure followed by suction at the end 
before reaching to normal ambient pressure. This 
overpressure variation with the distance from the 
origin of the explosion is illustrated in Figure 1 
(Yandzio et al, 1999; TM 5 1300, 1990). 
 
 
 
Fig 1: Blast over pressure variation over distance 
from the explosion.  
 
Similarly, overpressure variation over the time is 
shown in Figure 2 (TM 5 1300, 1990). 
 
 
 
Fig 2: Overpressure time profile at a target point. 
 
Overpressure is a function of time and it is 
mathematically expressed for positive phase as 
(Remennikov 2003); 
 
 
 
 
Where pso is the peak overpressure, to is the duration 
of the positive phase of the blast, b is the waveform 
parameter t is the time measured from the instant that 
the blast wave arrives (at time = ta ), p(t) is the 
pressure at time t. 
If the blast shock wave hits a rigid surface, it will 
reflect with reflected pressure which is higher than 
the incident overpressure. Dynamic pressure which is 
associated with air partials behind the shock wave are 
also affected to the pressure variation over a point of 
interesting. Fully illustrated blast pressure profile is 
presented in Figure 3 with standard notations 
(Remennikov, 2003). 
 
 
Fig 3: Pressure time profiles at a target face. 
 
Simplified overpressure profile is assumed in 
conventional blast loads evaluations. Lineally varying 
positive phase of the overpressure profile is selected 
because it leads dominant damage effects to the 
structure. It has been illustrated in Figure 4 (Yandzio 
et al, 1999). 
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Fig 4: Simplified pressure time profile. 
 
An explosion can be created by using several 
explosives and therefore a datum is needed to 
describe the explosion characteristics of each 
explosive. Therefore, Trinitrotoluene (TNT) has been 
selected and then all other explosives are expressed in 
terms of equivalent TNT charge weight. The distance 
available from the blast source and the target is called 
standoff distance. It is also an important parameter in 
evaluating blast loads effects because the magnitude 
of the overpressure will rapidly vary with distance as 
indicated in Figure 1. Scaling laws are introduced to 
express the combination effects of these both 
parameters on a target. Hopkinson-Cranz or the Cube 
root method is most widely used form of blast scaling 
and it is defined as (TM 5 1300, 1990; Yandzio et al 
1999);  
3/1W
RZ   
Where, Z is the scaled distance in m/kg -1/3, R is the 
range from the centre of the charge in m (Stand-off 
distance), W is the mass of the spherical TNT charge 
equivalent in kg. 
The basic blast load parameters are expressed in 
terms of scaled distance, Z in calculation procedures 
with various sources available in the literature 
(Remennikov, 2003). Well known source is the 
technical manual TM5 1300 published by US 
department of Army and Nervy and Air force in 
1990. Similarly, empirical equations developed by 
Kingry and Balmesh 1984, and the charts provided 
by Baker, et al, 1983, can also be used to determine 
required blast parameters. In addition, lot of 
computer software has been developed for easy 
prediction and those can be used conveniently to 
establish parameters for typical analysis and design 
practices. The present study utilizes the software 
ATBLAST published by U.S, General Service 
Administration (www.oca.gsa.gov) which is freely 
available to use (Schmidt, 2003). 
 
 
 
 
NUMERICAL SIMULATIONS 
 
Numerical simulation with computer code is the 
reliable and convenient method to investigate the 
blast response of any structure, because experimental 
studies are associated with high risk with explosives 
and security concerns (Luccioni et al, 2003). 2D 
frame analysis initiated in previous investigation, has 
been extended to complete 3D frame in present study 
to obtain more accurate outcomes (Jayasooriya et al, 
2009). 
 
Model Development 
 
Two-storey reinforced concrete frame with one bay in 
transverse direction and two bays in longitudinal 
direction was selected for the current study. It 
represents normal lower levels frame of typical multi-
storey building designed for normal gravity loads.   
Numerical modelling and investigation was carried 
out with explicit finite element code LSDYNA which 
is suitable for this type of dynamic analysis with 
rapidly varying loads. Geometrical formation and 
element meshing of the frames was achieved by the 
software MD Patran. Complete LS DYNA numerical 
model consist of solid and line elements representing 
concrete and steel respectively was developed 
without shear walls. Figure 5(a) and 5(b) shows the 
three dimensional view of the model and the 
reinforcing arrangement correspondingly. 
 
 
 
Fig 5 (a): 3D View 
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            Fig 5 (b) : Reinforcement arrangement 
 
Material properties were assignd to be 40 Mpa for 
concrete compressive strenght and 450 MPa for the 
yield strength of both longitudinal and tranverse steel. 
Yield strenght for shear steel was assumed to be 270 
MPa. Sectional Reinforce arangement of each beam 
and column are shown in Figure 6. 
 
Strain Rate Effects  
 
Material show esscessive strenght enhamncement 
under higher strain rates in dynamic loading 
enviroment than normal stiatc conditons. This is due 
to the lack of time required for material deofrmation 
under a rapidly loading case. Blast loads have just 
few miliseconds of duration of  loading time which is 
smaller than that of static loads conditions. Therefore, 
strenght enhancement due to strain rate effects of 
material has to be implemented in any blast loads 
investigation (Ngo et al, 2007). This effect is 
described with a factor called Dynamic Increse Factor 
(DIF). DIF for concrete is obtained in present 
analysis by the equations provided by the Malvar and 
Crowford and for reinforced steel similar expressions 
provided by the Malvar in1998 (Bao et al, 2009). 
 
           
       
       (a) Main Beam                 (b) Secondry beam 
 
( c ) Column 
 
Fig 6 : Reinforced arrangements for beams and 
columns 
 
LS DYNA has larger number of material models to 
represent concrete and steel. Martial 72 REL3 
(CONCRETE DAMAGE) model was selected for 
concrete as it is suited to investage damage behaviour 
(Schwer et al, 2005). This model enables to include 
strain rate effects as well. Plastic kinamatic material 
model which can included strain rate effets was used 
for the reinforced steel (Bao et al, 2009; Shi et al, 
2008). 
 
BLAST LOAD DETERMINATIONS 
 
Charge weights for the study were selected to 
simulate recent bombing incidents against public 
buildings. A car or small truck can carry 50kg to 700 
kg explosive weight and therefore the blast load 
parameters were generated changing the charge 
weight within that range with constant standoff 
distance of 10 m from the target. The detonation was 
assumed to occurre at 0.5 m above ground and 10 m 
away diectly to the right front column as shown in 
Figure 7 
 
 
 
Fig 7 : Location of the Explosion 
 
Table 1 shows the calculated load parameters for 
front face right column for illustrating purpose only. 
Corresponding values for the other columns and 
10 m
Right 
Left
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beams at front face were similarly established. 
Arrival time, peak pressure and the duration of the 
positive phase are the basic parameters needed to be 
determined and those were obtained using the 
software ATBLAST. 
 
Load 
Case  
Charge 
Weight 
(kg) 
Arrival 
Time 
(ms) 
Peak 
Pressure 
(kPa) 
Duration 
 
(ms) 
01 50 11.23 416.51 4.33 
02 100 9.29 777.38 3.85 
03 200 7.61 1580.69 3.16 
04 300 6.76 2407.58 2.81 
05 400 6.22 3211.30 2.62 
06 500 5.83 3983.17 2.51
07 600 5.54 4744.00 2.42 
08 700 5.3 5509.74 2.35 
 
Table 1: Blast load parameters for front right ground 
column 
 
TIME HISTORY ANALYSIS 
 
Intialy, static gravity loads that represent dead and 
live loads of the upper parts of the building  were 
applied on each column and beam tops as time 
history loads. Ramp fuction of time has to be used to 
apply gravity loads to avoid local stress consentarion 
at the top of the model during dynamic  analysis. 
Gravity load analysis was continued up to 100ms 
until the stress of the model is stable before blast load 
appication. Explosion loads were then applied as time 
history pressure loads on the  each elelemnt at front 
face of the numerical model. Analysis was then 
continued for one second in time histroy. Vertical 
displacments at the top of front columns to 
investigate residual load carrying capacities of the 
both front columns. Figure 8(a) to 8 (b) shows the 
damage sequence of the struture under the load case 
no 4 loading conditions  at  different  steps in the time 
history.
 
 
Fig 8 (a): Before applying blast loads 
 
 
Fig 8 (b): After 3 ms after the blast 
 
 
 
 
Fig 8 (c): After 8 ms after the blast 
 
 
 
Fig 08 (d): After 12 ms after the blast 
 
RESULTS AND DISCUSSION 
 
This investigation indicates that the complete 
reinforced concrete frames analysis using LS DYNA 
code with all related parameters and relevent material 
properties is feasible to indentify the blast response 
and damage of reinforced concrete frames. It also 
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evidents that three dimensional global analysis with 
first generation computer codes such as LSDYNA is 
significant and necessary to understand the behaviour 
of structural elements such as columns or beams. 
Wrong assumptions for boundary conditions for 
single structural componenet can be avoided by 
complete 3D global frame investigation. 
 
The dynamic structural response of the model was 
exmained for all selected load cases. Lateral 
displacement time history of the beam-column joints 
in both right and left sides are shown in Figure 9 (a) 
and 9 (b).  
 
 
 
Fig 9 (a): Lateral displacement at right side beam-
column joint with charge weights 
 
 
 
Fig 9 (b): Lateral displacement at left side beam-
column joint with charge weights 
 
Both joints show similar patterns of displacement 
variation with time. There is no significant difference 
in the magnitudes even though the loads are diverse 
at these joints. The lateral displacements must 
therefore be evaluated for both locations to obtain 
safe design of the entire frame. 
Additionally, magnitude and frequency of the lateral 
displacements change with size of the explosive 
(bomb weight). Variation of maximum lateral 
displacment  over the charge weights have been 
plotted in Figure 10 for both joints. 
 
 
Fig 10: Maximum Lateral displacement at beam -
column joint Vs Charge weight 
 
This Figure clearly indicates that, as expected, the 
maximum lateral displacements at both the beam-
column joints increase with the charge weight.  
Residual displacement variation at the same locations 
with different charge weights are shown in Figure 11. 
 
 
 
Fig 11: Residual lateral displacement at beam–
column joint 
 
According to this Figure, there is a significant 
difference between left and right sides for larger 
amounts of charge weights. 
The residual cpacities of the ground floor columns 
under different charge weights were then investigated 
and Figure 12 shows the variations of the residual 
capcities of the two columns with charge wieght. 
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Fig 12: Residual capacity variation with charge 
weights 
 
Damage index ( DI) is defined to evaluate the loss in 
capacity (or amount of damage) of a strcuture or a 
strctural element and is defined as shown below 
(Jayasooriya et al, 2009).  
 
Original
idual
P
PDI Re1  
 
 
 
Fig 13: Damage index variation with charge weights 
 
Figure 13 plots the variations of the DI for the two 
ground floor columns with charge weight. It is 
evident that the damage indices change rapidly with 
charge below 300kg. After 300 kg of TNT bomb the 
columns are almost 80% damaged. This Figure 
therefore confirms that the selected columns are 
significantly damaged with a bomb with over 300 kg 
of TNT. 
 
CONCLUSION 
 
Complete 3d RC frame was modelled and analysed 
with the Finite Element program LS DYNA under 
typical explosion loads senarios. Lateral displacement 
variations with time and with charge weight are 
presented. These relationships provide guidance for 
making decisions on the lateral stability of RC multi-
storey frames in buildings.  DI deviation relationship 
helps to determine the stability of a partially damage 
column after a bomb explosion. This study will 
continues for all potential blast loads scenarios with 
different charge weights with different standoff 
distances in order to identify related parameters and 
the relationships among them. 
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